We report on the highly unusual case of a 75-year-old woman who developed a biphasic right axillary mass of apparent melanoma and adenocarcinoma 13 years after a diagnosis of primary melanoma on her right upper back. The differential diagnosis included a collision tumor and metastatic melanoma with adenocarcinomatous transdifferentiation. We utilized immunohistochemical staining, DNA sequencing, and comparative genomic hybridization (CGH) to characterize this unusual tumor. By immunohistochemistry, the melanomatous component was positive for S100 and Melan-A, and had patchy positivity for cytokeratin. The adenocarcinomatous component was negative for melanoma markers, but was strongly positive for cytokeratin. In addition, the glandular component was positive for CDX-2 and Ber-EP4, giving the distinct histologic and immunohistochemical impression of a gastrointestinal metastasis nested within a deposit of metastatic melanoma. Clinical and radiologic workup failed to reveal a primary gastrointestinal malignancy. Molecular genetic analysis, including DNA sequencing and CGH, revealed that both areas contained an identical NRAS Q61K mutation and had highly similar CGH profiles, including gains of chromosome 1q and losses of 1p, 4, 9, and 10, which are archetypical of melanoma. The NRAS mutation was also identified in a deposit of metastatic melanoma resected 12 years earlier, but was not seen in the patient's nontumorous tissue, indicating that it was somatically acquired. Genetic analyses demonstrate that 2 morphologically distinct tumors arose from a common ancestor melanoma cell that harbored an NRAS mutation and subsequently divergently evolved by the acquisition of additional genomic alterations. Our findings illustrate the ability of molecular analyses to resolve lineage in complex neoplasms and illustrate the phenotypic plasticity of cancer cells.
T he juxtaposition or intermingling of 2 histomorphologically distinct tumors is relatively rare, and can raise diagnostic problems in distinguishing between a collision tumor and transdifferentiation of a neoplastic clone into a different phenotype. The term collision tumor is used to reflect the finding of 2 or more apparently distinct neoplastic cell populations that are thought to have different origins. Collision tumors can manifest as synchronous primary malignancies at the same site, as metastasis within a primary tumor of another type, or 2 contiguous metastases from different primary neoplasms. Examples of primary collision tumors include reports of a coincident gastric adenocarcinoma and gastrointestinal stromal tumor, 8 invasive ductal carcinoma of the breast and small lymphocytic lymphoma, 11 and an anaplastic oligodendroglioma with a gangliocytoma. 31 Examples of colliding metastases include the intracranial collision of prostate and esophageal carcinomas, 16 breast and ovarian adenocarcinomas metastasizing to the same axillary lymph node, 30 and a breast carcinoma and melanoma admixed in the same axillary lymph node. 9 Collision tumors between melanoma and various epithelial malignancies have recently been reviewed. 29 Although divergent differentiation is commonly seen in cancers originating from pluripotent cells such as teratomas, blastomas, and sex cord-stromal tumors, it is also occasionally seen in urothelial carcinomas, neuroendocrine tumors, histiocytic sarcomas, 18 and melanoma. Banerjee and Eyden 3 have defined this phenomenon in melanomas as the development of morphologically, immunohistochemically, and/or ultrastructurally recognizable nonmelanocytic cell or tissue components within an existing melanoma. The wide ranging types of divergent differentiation reported in melanomas include fibroblastic/ myofibroblastic, schwannian, smooth muscle, rhabdomyosarcomatous, osteocartilaginous, ganglionic and ganglioneuroblastic, and neuroendocrine, [1] [2] [3] [4] 6, 10, 17, 19, 20, 26 and also rare reports of epithelial differentiation. 3, 14, 25, 33 There are general limitations to the utility of histomorphology and immunohistochemistry in establishing the clonal relationship between 2 morphologically distinct tumor cell populations and in distinguishing transdifferentiation from collision. In this study, we illustrate the utility of molecular genetic analyses to circumvent these limitations and demonstrate that a metastatic tumor deposit with histologic and immunohistochemical features of adenocarcinoma arose by transdifferentiation of metastatic melanoma. Such analyses provide powerful ancillary information to resolve the lineage of origin in complex tumors and to establish the clonal origin of histopathologically and immunohistochemically distinct tumors.
CASE REPORT
We present a case of a 75-year-old woman who initially sought medical attention in 1993 for a 1.2-cm pigmented skin lesion of the upper back, just right of the midline, which was diagnosed on biopsy as melanoma, 1.9 mm in thickness, with an in situ component that extended to the lateral specimen margins. The patient underwent surgical reexcision of the biopsy site, without lymph node dissection, approximately 1 month later. This reexcision specimen was free of residual melanoma. The patient then presented 15 months later with left axillary lymphadenopathy and a slightly enlarged right axillary lymph node, prompting bilateral axillary lymph node dissections. One of thirteen left axillary lymph nodes contained metastatic melanoma comprised of sheets of dyshesive polygonal cells with abundant amphophilic cytoplasm and enlarged, irregular nuclei. These cells stained positively for melanoma markers by immunohistochemistry (S100 + , melanoma cocktail (HMB-45/tyrosinase) + ; Table 1 ) and were negative for cytokeratin ( Table 1) . Nodal metastases were not identified on the right side. The patient then underwent an autologous vaccine protocol for 1 year.
The patient was followed closely and had an uneventful medical history until 12 years later, when she presented with another axillary mass, now on the right side, that was enlarging over a 2-week interval. On right axillary lymph node dissection, a single 4.9-cm lymph node contained metastatic tumor, and the remaining 14 lymph nodes were cancer free. Histologic examination of the positive lymph node revealed biphasic metastasis with histologic and immunohistochemical characteristics of both melanoma and adenocarcinoma ( Fig. 1A) . Ber-EP4 mCEA
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Right axilla: melanoma component +/ À + À À + +/À À À À À À À À À À À/+ Right axilla: adenocarcinoma component wA stain is considered positive (+) if diffusely and strongly positive staining is present in >90% of cells. zA stain is considered patchy positive (+/ À ) if staining is present in 50% to 90% of cells. yHMB-45 present in a cocktail with tyrosinase in the original left axillary lymph node metastasis. JA stain is considered negative ( À ) if fewer than 1% of cells stain positively. zA stain is considered weakly positive ( À /+) if staining is present in 1% to 50% of cells. and without significant pigment deposition ( Fig. 1B, C) . This aspect of the tumor exhibited patchy, but strong, cytoplasmic and nuclear immunohistochemical staining for S100 (Fig. 1D) , and also showed staining for Melan-A (Fig. 1E ), neuron-specific enolase (NSE), and weak, patchy staining with a cytokeratin cocktail (AE1/AE3 and Cam 5.2, Fig. 1F ). It was negative for the melanoma markers HMB-45 and MiTF-1, and also for CK7, CK19, CK20, HMWK-903, CDX-2, Ber-EP4, mCEA, glypican-3, HepPar-1, and TTF-1 (Table 1) . By contrast, the central portion of the tumor consisted of somewhat smaller cells arranged in gland-like and microcystic structures with apparent mucin, colloid, or proteinaceous debris within the lumina (Fig.  1B, C) . The nuclei of these cells were smaller and had a more vesicular chromatin pattern than the nuclei in the adjacent melanomatous component. Quite intriguingly, the cells in the adenocarcinomatous area stained strongly with the keratin cocktail ( Fig. 1F ), Ber-EP4 (Fig. 1G) , CK19, CK20, CDX-2, and glypican-3 (Table 1) , but were negative for S100 ( Fig. 1D ), Melan-A (Fig. 1E) , HMB-45, MiTF-1, NSE, mCEA, HepPar-1, HMWK-903, CK7, and TTF-1 ( Table 1 ). The differential diagnosis of this area, thus, included metastasis of an adenocarcinoma, possibly of gastrointestinal, hepatic, or pancreatobiliary origin, versus true transdifferentiation of the adjacent melanoma into adenocarcinoma. Importantly, neither the patient's history nor a careful workup revealed any evidence of a second malignancy beside the earlier melanoma, which arose in a drainage area of this right axillary lymph node metastasis. No evidence of adenocarcinomatous differentiation was noted in the patient's primary melanoma or the left axillary metastasis from 12 years earlier, and immunohistochemical analysis of this material showed no cytokeratin expression ( Table 1 ). The patient was next seen 6 months later, at which time a follow-up positron emission tomography-computed tomographic study revealed widespread metastases in the pelvis, vertebrae, and lungs. No colonic, hepatic, Dual-color immunofluorescence of right axillary metastasis with antibodies to S100 and keratin (panels C and D). The tissue section was stained using labeled antibodies against S100 (red) and keratin (green). Arrows indicate the cells that are positive for both S100 and keratin (panel D).
gastric, or pancreatobiliary lesions were seen. At this point, the patient was lost to follow-up. To further evaluate these 2 tumors at a molecular level, DNA was extracted from both tumor areas and from the original melanoma metastasis from the left axilla, resected 12 years earlier, and was subjected to comparative genomic hybridization (CGH) 12 and DNA sequence analysis for mutations in BRAF and NRAS, 13 oncogenes commonly mutated in the majority of melanomas originating from the trunk. 12 Multiple chromosomal aberrations in both tumor areas were identified by CGH, the majority of which were shared between the 2 areas indicating a clonal relationship: loss of chromosomes 1p, 4, 9, 10q, 11p, 15, 17p, 21, and 22 and gains of chromosomes 1q, 2, 5p, 13, 17q, 19, and 20 ( Fig. 2A) . This pattern of chromosomal aberrations is typical for melanoma. 7 A common clonal origin of the 2 tumor areas was further suggested by the presence of a narrow deletion of the distal part of chromosome 6q, which was present in both histologically distinct tumors (see arrows in Fig. 2A) . Analysis of the original metastasis by CGH was unsuccessful due to the small size of the tumor and normal tissue contamination. Finally, the notion of a clonal relationship between the different tumor populations was confirmed by detecting an NRAS Q61K mutation caused by an identical nucleotide substitution in both tumor areas (Fig. 2B, third and fourth panels), and also in the metastasis resected 12 years earlier (Fig. 2B, second panel) . This mutation was somatically acquired as the patient's normal tissue showed no abnormalities (Fig. 2B, top panel) . Both tumors were wild type for BRAF. We noted that crosscontamination of our microdissected sample can be ruled out as an explanation for finding the mutation in both areas from the biphasic right axillary lymph node metastasis. A careful manual microdissection was performed on keratinstained slides to help distinguish the 2 regions. In addition, the peak heights of the sequencing traces indicate that the mutant allele is the most abundant allele in both samples (Fig. 2B, third and fourth panels). The opposite would be expected if a minority of mutant cells from one area had been accidently included in the microdissected tissue of the other area. NRAS maps to chromosome 1p, which showed loss of 1 copy in both tumor areas by CGH. The increased abundance of the mutant allele in both samples, thus, indicates that the chromosomal arm with the wild-type copy was deleted. Interestingly, the chromosomal alterations in both tumor areas are not entirely identical by CGH. Some aberrations, such as a loss of chromosome 5q, gain of chromosomes 7 and 18, and loss of distal chromosome 14, were only found in the area of overt melanoma, whereas the adenocarcinomatous portion demonstrated gains of 6p and distal 8q, which are absent in the melanoma ( Fig. 2A) . Together, the genetic findings demonstrate that the 2 morphologically distinct tumor cell populations arose from a common ancestor cell, but represent genetically distinct subclones. Dual-color immunofluorescence using S100 (red) and keratin cocktail (green), performed as previously described, 15 showed strong keratin positivity in the adenocarcinomatous area and S100 positivity in the melanoma region as expected (Fig. 2C, D) . Interestingly, a few cells along the transition zone between the 2 areas were positive for both S100 and keratin (arrows in Fig. 2D) .
These molecular results also verify that this metastasis is from the patient's primary melanoma on the back, as the metastatic melanoma resected from the contralateral axilla 12 years before harbors the same NRAS mutation (Fig. 2B) . Approximately 20% of melanomas on the trunk harbor NRAS mutations, most of which occur at codon 61, as in our case. 21 By contrast, NRAS mutations are infrequent in adenocarcinoma, with the exception of follicular thyroid carcinoma, in which codons 12 and 13 are frequently involved. 27 
METHODS
Immunohistochemical stains were performed on paraffin-embedded, 4-mm sections cut from the patient's initial left axillary lymph node metastasis and also from the biphasic neoplasm from the right axilla. Antibody vendor and dilution information are included in footnotes to Table 1 , along with the criteria used to evaluate immunohistochemical stains. Manual microdissection of the tumor-bearing region from the right axilla was performed on 5 unstained 10-mm paraffin sections using a stereomicroscope (Leica MZ12) to avoid significant normal cell contamination and to avoid crosscontamination. DNA was extracted from both of these tumor areas using chloroform-phenol extraction. Mutational analysis was carried out by direct sequencing of polymerase chain reaction-amplified products generated with primers specific for NRAS exon 3 and BRAF exon 15 as previously described. 13 Array CGH was performed using 600 to 2000 ng of genomic DNA, labeled by random priming and hybridized on a whole-genome human BAC array (HumArray 3.1), and analyzed as previously described. 12 Immunofluorescence of paraffin-embedded sections was also performed as previously described 15 using antibodies to S100 (Dako, Carpinteria, CA) and cytokeratins AE1/ AE3 (BioCare Medical, Concord, CA).
DISCUSSION
This unusual case report illustrates the remarkable phenotypic plasticity of cancer cells. During development, lineage-specific transcription factors and epigenetic modifications lead to lineage commitment with stable patterns of gene expression and phenotypes in cells. Recent study has demonstrated that the combinatorial expression of no >3 transcription factors can convert, for example, fibroblasts to neurons. 32 It is conceivable that in cancer cells, transdifferentiation, as seen in our case, may in part be due to somatic activation of lineage-foreign transcription factors. For example, transcription factors of the E-twenty six family play a critical role in lineage determination of epithelial cells 24 and have recently been demonstrated to be somatically activated in melanoma. 23 Mechanisms driving such dedifferentiation or transdifferentiation likely involve epigenetic alterations caused by malfunction of genes involved in maintaining chromatin marks and/or DNA methylation, as recently shown in several cancer types including melanoma. 22 Finding lineage-atypical gene expression and morphologic signs of transdifferentiation in melanoma are not unprecedented. Cytokeratin expression in melanoma has been reported previously, 2,10,28 but usually involves simple keratins. The expression of CK20, as was found in this case, is distinctly unusual in melanoma. In a series of melanoma cell lines and tissues analyzed for messenger ribonucleic acid and protein expression of a panel of cytokeratins, none was found to express CK20. 10 Wen et al 33 recently reported a 27-year-old woman with a primary, nonpigmented right scalp melanoma containing intimately admixed glandular elements. The melanoma component of that tumor stained for classic melanocyte markers (S100, HMB-45, MiTF-1, and PNL2), whereas the carcinomatous component was positive for cytokeratins AE1/AE3 and Cam5.2, and also for MiTF-1, suggesting true transdifferentiation of melanoma into carcinoma. However, no genetic analysis was conducted to prove a clonal relationship. 33 In our case, the finding of a shared point mutation in NRAS coupled with the shared presence of multiple chromosomal aberrations in both areas clearly establishes that the 2 morphologically distinct tumors arose from the same precursor that already had a substantial number of chromosomal abnormalities. The different phenotypes of the 2 areas may in part be due to the occurrence of additional genetic alterations. However, the observation of cells that strongly express both lineage markers (S100 and keratin; Fig. 2D ) raises the interesting possibility of epigenetic reprogramming of the cellular phenotype, as the position of cells at the interface between the 2 areas indicate that the transdifferentiation process may be actively ongoing. The remarkable phenotypic plasticity of melanoma is also illustrated by recent reports showing true rhabdomyosarcomatous differentiation in both primary and metastatic melanomas. 19, 20 The utility of molecular genetic methods to assist in the classification of neoplasms with ambiguous histomorphology is illustrated in this complicated case. A diagnosis of metastatic adenocarcinoma would have been rendered using routine histopathologic and immunohistochemical analyses of solely the adenocarcinomatous component of this highly unusual metastatic melanoma.
